When the brain has determined the position of a moving object, due to anatomical and processing delays, the 45 object will have already moved to a new location. Given the statistical regularities present in natural motion, the 46 brain may have acquired compensatory mechanisms to minimize the mismatch between the perceived and the 47 real position of a moving object. A well-known visual illusion -the flash lag effect -points towards such a 48 possibility. Although many psychophysical models have been suggested to explain this illusion, their 49 predictions have not been tested at the neural level, particularly in a species of animal known to perceive the 50 illusion. Towards this, we recorded neural responses to flashed and moving bars from primary visual cortex 51 (V1) of awake, fixating macaque monkeys. We found that the response latency to moving bars of varying 52 speed, motion direction and luminance was shorter than that to flashes, in a manner that is consistent with 53 psychophysical results. At the level of V1, our results support the differential latency model positing that 54 flashed and moving bars have different latencies. As we found a neural correlate of the illusion in passively 55 fixating monkeys, our results also suggest that judging the instantaneous position of the moving bar at the time 56 of flash -as required by the postdiction/motion-biasing model -may not be necessary for observing a neural 57 correlate of the illusion. Our results also suggest that the brain may have evolved mechanisms to process 58 moving stimuli faster and closer to real time compared with briefly appearing stationary stimuli. 59 New and Noteworthy 60 We report several observations in awake macaque V1 that provide support for the differential latency model of 61 the flash lag illusion. We find that the equal latency of flash and moving stimuli as assumed by motion 62 integration/postdiction models does not hold in V1. We show that in macaque V1, motion processing latency 63 depends on stimulus luminance, speed and motion direction in a manner consistent with several psychophysical 64 properties of the flash lag illusion.
Electrophysiological recording and data processing. We used chronically implanted tetrode arrays for 149 recording neural activity from monkeys A, CL and CH as described previously (Ecker et al. 2010; Tolias et al. 150 2007). Briefly, in each monkey, we implanted chronically, arrays of 24 tetrodes on the left hemisphere over the 151 operculum in area V1. The tetrodes were custom built from Nichrome or Platinum/Iridium wires. We implanted 152 a 96-electrode microelectrode array ('Utah' array, Blackrock Microsystems, Salt Lake City, UT, USA) over 153 area V1 on the right hemisphere in monkey L. For both tetrode arrays and Utah array, the neural signals were 154 pre-amplified at the head-stage by unity gain preamplifiers (HS-27, Neuralynx, Bozeman MT, USA). These 155 signals were then digitized with 24-bit analog data acquisition cards with 30 dB onboard gain 156 National Instruments, Austin, TX) and sampled at 32 kHz. Broadband signals (0.5 Hz -16 kHz) were continuously recorded using custom-built LabVIEW software for the duration of the experiment. For tetrode 158 array data, the spike detection and spike sorting methods have been described previously (Ecker et al. 2014; 159 Tolias et al. 2007) . For the Utah array, spikes were detected from individual electrodes following the same 160 procedure. In this study, the term 'multiunit' refers to the set of all the spikes detected from a single tetrode or a 161 single electrode (Utah array). flash and moving bar luminance. In all panels (A-D), motion is assumed to have started long before the flash event. A, 165 Illustration of hypothetical visual stimuli that generate the population activity in V1 as predicted by different models (B-D) . 166 For simplicity, the stimulus positions are shown at just three time instances t-1, t0 and t1. The time the moving bar takes (1 167 = tj -tj-1 ms) to traverse from Sj to Sj-1 is also set to be equal to the latency of population activity peak for flash (B-D) . B-D, 168 Illustrations showing predicted topographically organized V1 population neural response to stimuli depicted in matching 169 panels in A. The flash is assumed to be fully represented in V1 when the population hill reaches its peak activity at S0. In 170 the moving bar condition, a fully developed population activity hill (white label 'M') representing some position, 171 continuously translates following the motion trajectory. Hence which position of moving bar caused an activity hill at a 172 given instant will depend on the motion population response peak latency. For all models, the neural representation of flash 173 (white label 'F') in V1 is delayed by the same duration 1. The models differ in the neural representation delays of moving 174 bar as seen at time instant t1: the differential latency model (B) predicts that the population hill will spatially lag behind the 175 moving bar but will be shifted along the motion direction relative to flash population hill. The spatial extrapolation model 176 (C) predicts a similar shift of the motion population hill relative to flash. However, the motion population hill does not 177 spatially lag behind the moving bar. The postdiction model (D) assumes identical latency for flash and moving bar neural 178 representations -hence the population hills will be aligned. 179 180 Behavioral task. Visual stimuli were presented in a dark room using dedicated graphics workstations using field estimation by the following heuristic method. We first averaged the receptive field maps obtained at lags 205 ranging from 40 to 100 ms, resulting in a single spatial kernel for each multiunit. We fitted the spatial kernel 206 with a two-dimensional Gaussian and computed the percentage of variance explained (across pixels) by the 207 model. For all analyses in this study, we included multiunits for which the model explained more than 75% of 208 the variance. From the model fitting, we also extracted receptive field centers and outlines. For illustration we 209 outlined receptive fields by the elliptical contour at two standard deviations from the center. 210 Speed manipulation experiment. Monkeys A, CH and CL were used in this experiment. Moving and flashed 211 vertical bars of identical luminance and size (0.28 × 1.7°) were used as visual stimuli. The bar luminance was 212 either 23 cd/m 2 (monkeys A & CL) or 37 cd/m 2 (monkey CH). We defined a stimulus presentation center for 213 each monkey as the average of the receptive field centers (ARFC) of the neurons we recorded from; the mean 214 eccentricity of this location was 1.5 ± 0.11° (azimuth: 0.87 ± 0.3° and elevation: 1.2 ± 0.3°; mean ± S.D.). In 215 each stimulus period, only a flash or a moving bar was presented. We presented flashes for one video frame (10 216 ms). Since we recorded from many neurons simultaneously, to stimulate all the recorded neurons, we presented 217 flashes at 5-7 locations around the ARFC (Fig. 4B) . These locations were abutting each other without any 218 overlap. The trajectory length of the moving bar was 4.6 or 5.4°. The midpoint of the moving bar's trajectory 219 was at the ARFC. The moving bar translated horizontally from left to right or from right to left at one of three 220 speeds: 7, 14 or 28°/s (range: 6. 9-7.4, 13.8-14.7 and 27.5-29 .5 °/s respectively). All stimulus conditions were 221 presented with equal probability. In each trial (Fig. 4A) , we chose more than one stimulus condition randomly 222 (two flashes and one moving stimulus for example) and presented them one after the other with an inter-223 stimulus period of 300 ms; this allowed us to use the monkeys' fixating period efficiently and present multiple 224 stimulus conditions within every trial. During the stimulus period of ≤ 1800 ms, we presented 4 ± 1 (mean ± 225 S.D.) stimuli. In a session, we repeated each stimulus condition for 426 ± 216 (mean ± S.D.) times. The 226 monkeys performed 1597 ± 718 (mean ± S.D.) trials per session. Each session lasted for 3 ± 1 (mean ± S.D.) 227 hours. 228 Luminance manipulation experiment. Monkey L was used in this experiment. The stimulus presentation 229 followed the same overall design as the speed manipulation experiment (see above) with the following 230 exceptions. The size of the bar was 0.15 × 1.8°. Moving and flashed bars with luminance values of 0.24, 0.82, 231 9.4, 48 cd/m 2 were presented in each session. Flashes were presented at one of nine abutting locations with the 232 ARFC at an eccentricity of 0.92 ± 0.07° (azimuth -0.46 ± 0° and elevation 0.79 ± 0.08°; mean ± S.D.). The 233 trajectory length of the moving bar was 8.7°. The moving bar translated horizontally from left to right or from 234 right to left at 18°/s. In the stimulus period of each trial, we presented 5 ± 1 (mean ± S.D.) stimuli. Each 235 stimulus condition was repeated 120 ± 46 (mean ± S.D.) times. The monkey performed 1128 ± 432 (mean ± 7 S.D.) trials per session with each session lasting 2 ± 1 (mean ± S.D.) hours. Note that to fit all luminance 237 conditions within the recording duration, we did not test multiple speeds. Instead we chose a speed (18°/s) that 238 was intermediate between speeds 7 and 28°/s that were used in the speed manipulation experiment. We also 239 reduced the width of the bar to roughly half (0.15°) that of the bar used in the speed manipulation experiment 240 (0.28°) so that when the bar moves, the footprints of the bars in the trajectory are contiguous without overlap or 241 leaving a gap between adjacent instantaneous positions. The flash duration (8.3 ms) is also shorter than that 242 used for speed manipulation (10ms) because we had to use an LCD monitor which had a higher refresh rate 243 (120 Hz). We specifically chose an LCD monitor over the CRT monitor because to test very low luminance 244 levels, we had to set the background luminance to lowest possible value; at that setting (but not at the 245 background used in speed manipulation experiment), when the bar moved on the CRT monitor, it left behind a 246 trail of phosphorescence that was obvious to a human observer. Such trailing luminance was not observed on 247 the LCD monitor. 248 Control experiment. Monkeys A and CL were used in this experiment. Stimuli were presented as outlined in the 249 speed manipulation experiment. However, in addition to presenting flashed and moving bars separately as 250 above, we also interleaved additional stimulus conditions where we presented the flash and moving bar together 251 in two arrangements A1 and A2 (Fig.11A ). In A1, we presented a flash inside the receptive fields and the 252 moving bar below the flash but outside the receptive fields. To mimic the psychophysical experiment of the 253 flash lag illusion, in arrangement A1, when the instantaneous position of the moving bar hit the azimuth of the 254 ARFC, a flash was presented at one of 5-7 horizontal spatial offsets (0°, ±0.27°, ±0.55°, ±0.82°). We assigned a 255 negative sign to the offsets if the flash appeared ahead of the moving bar along the motion direction and a 256 positive sign if the flash appeared behind the moving bar. In arrangement A2, the vertical positions of the flash 257 and moving bar in arrangement A1 were interchanged. The moving bar translated at a speed of 14°/s. The 258 vertical center-to-center distance between the flash and the moving bar was 2.1°. With the bar height being 1.7°, 259 the edge-to-edge gap between the flash and the moving bar was 0.4°. In each trial, we presented 3±1 (mean ± 260 S.D.) stimulus conditions. Each stimulus condition was repeated 159±81 (mean ± S.D.) times. The monkeys 261 completed 1930± 742 (mean ± S.D.) trials per session with each session lasting 3±1 (mean ± S.D.) hours. 262 Electrophysiological dataset. For the entire study, we recorded neural data from a total of 1457 multiunits 263 (monkey A: 288 CH: 191, CL: 306 and L: 672) over 62 sessions (A: 12, CH: 23, CL: 20 and L: 7) in an average 264 period of six weeks from each monkey (A: 4, CH: 12, CL: 6 and L: 2). For the flash, relative to the pre-stimulus 265 fixation period, majority (1038 (71%), A: 247, CH: 180, CL: 276 and L: 335) of the multiunits showed 266 significantly enhanced responses measured over a window of 30-130 ms after the flash onset. A minority 267 (44(3%), A: 2, CH: 11, CL: 20 and L: 11) of the multiunits showed flash-evoked suppression. For analyses, we 268 included a subset of the multiunits (915 (63%), A: 237, CH: 166, CL: 256 and L: 256) that showed enhanced 269 flash-evoked responses and passed the receptive-field-based selection criterion (955 (66%), A: 247, CH: 176, 270 CL: 271 and L: 261, see Receptive field mapping section). After the above selections, one multiunit from 271 monkey A was excluded from the analyses in Fig. 7 and Fig. 10 as its receptive field center was outside the 272 flashed region. For the speed manipulation experiment, a total of 163 (A: 57, CH: 56 and CL: 50) single units 273 were isolated out of which 44% (total: 71, A: 32, CH: 12 and CL: 27) met the selection criteria described above. 274 For population decoding we chose all the single units from monkey CL since it had the most well-isolated units 275 (median contamination measure (Tolias et al. 2007 )(Interquartile range): CL: 0.039 (0.005, 0.086), CH: 0.076 276 (0.048, 0.117) and A: 0.092 (0.015, 0.142)).
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Response peak delay as neural representation delays for flash and moving stimuli. For the moving stimuli, 278 assuming a receptive-field-based labeled-line code for position in V1, the latency of peak activity of a neuron 279 closely approximates the representation delay. This is because, whenever there is a bar moving in the visual 280 field, a population activity hill representing some moving bar position is simultaneously present in V1 (Fig. 2) , 281 except during the motion onset and offset. We assume that any subsequent visual area decoding moving bar 282 position based on V1 activity would assign the instantaneous position of the bar center to the position encoded 283 by the neurons whose activities maximally contribute to the peak of the hill. This would imply that the time at 284 which a given neuron fires maximally is also the time at which the moving population hill activity is centered 285 over this neuron's topographic location in V1. Under this reasoning, the response peak latency would 286 correspond to the latency of the V1 representation of the moving bar's instantaneous position. For the flash, the 287 situation is different because when a flash is presented in the visual field, a population activity hill starts to 288 develop only after a delay. The hill then rises and falls over time without any change in the position of the peak 289 of the hill. It is currently unknown at what point in time the activity hill fully represents the flash location. To be 290 consistent with the method of latency computation of motion, we chose to compute peak response latency for 291 flash as well. 292 Estimation of flash response peak latency. For each flash condition, we first aligned the spike times of a given 293 stimulus presentation to the flash onset time. We then computed mean firing rates across all stimulus 294 presentations of a given condition after binning the spikes at half the monitor refresh period (4.2 or 5 ms). In 295 each session, multiple flashes were presented, covering the receptive field of a given multiunit. We sought to 296 find the mean firing rate response profile to a flash that was horizontally aligned with the center of the receptive 297 field. However, there might not be any flash that was presented perfectly over the receptive field center since 298 we did not optimize the flash locations for any particular neuron. In such cases, the mean firing rate profile that 299 corresponds to a flash at the receptive field center was obtained by linearly interpolating the mean firing rate 300 profiles of the flash locations left and right of the receptive field center. The mean firing rate response starting 301 150 ms before and ending 300 ms after the flash onset was then normalized (z-scored) to have zero mean and 302 unit variance. After z-scoring, the responses of all multiunits under a given condition were averaged and 303 smoothed using a Gaussian kernel with a standard deviation of 10 ms. Peak responses latencies were then 304 computed from these averages. The responses of individual single and multiunits to flashed and moving bars 305 were sometimes multimodal. Since we had a much larger multiunit dataset compared to single units, we chose 306 to extract the latencies from responses averaged across multiunits. This procedure turned out to be more robust 307 than extracting latency for each unit (for a description of how we estimated confidence intervals on the 308 latencies, see section Statistical Analysis below). 309 Estimation of motion response peak latency. For each motion condition, we aligned the spike times of a given 310 presentation to the time at which the moving bar hit the center of the receptive field (i.e., the response time is set 311 to zero when the moving bar's instantaneous position matched the receptive field center). Since the moving bar 312 occupied discrete positions along the trajectory that did not necessarily coincide with the receptive field center, 313 we linearly interpolated the trajectory time points to obtain the time at which the trajectory crossed the receptive 314 field center. We then computed mean firing rate across all presentations of a given condition after binning the 315 spikes at half the monitor refresh period (4.2 or 5 ms). The mean firing rate response starting 150 ms before and 316 ending 300 ms after the zero-time point was then normalized (z-scored) to have zero mean and unit variance. 317 This normalized response was then averaged across multiunits. After this step, we followed the same procedure 318 as for the flash responses described above and computed response peak latencies for each stimulus condition. 319 The latencies were then averaged across the two motion directions. 320 Latency estimation in control experiment. In the control experiment, we computed response peak latencies for 321 flashes from arrangement A1 and for moving bars from arrangement A2 (see section Control Experiment 322 above). To compute flash response latency for a given spatial offset, we first selected multiunits whose 323 receptive field centers were within the spatial extent of the presented flash. Response peak latency was then 324 extracted from this set of multiunits as described under the section Estimation of flash response peak latency. 325 To compute the motion response latency for any spatial offset, we first selected multiunits whose receptive field 326 centers were within the spatial extent of the moving bar when it hit the ARFC. Since the flashes were presented 327 at different horizontal locations when the moving bar hit the ARFC, the same set of multiunits were used for 328 extracting latencies under different spatial offsets. Motion response peak latencies were then computed as 329 described under the section Estimation of motion response peak latency. Note that we chose to include a spatial 330 offset for analysis only if there were more than ten multiunits for that condition. With this criterion, only the 331 three spatial offsets around the ARFC qualified. 332 Statistical analysis. All the statistical analyses on the neural data were done by bootstrapping (Efron and 333 Tibshirani 1994). From the response (averaged over multiunits) peak latencies of flash and moving bar under 334 various conditions, we computed the following test statistics: latency difference between flash and moving bar 335 ( Fig. 7B, Fig. 12-Fig. 13 , F); slope of the trend in the latencies (Fig. 7B, Fig. 12-Fig. 13 , F); latency differences 336 and perceived spatial offset equivalents when changing speed ( Fig differences across multiple spatial offsets (Fig.11B ); latency differences for stimuli presented in isolation versus 339 in combined condition (flash and moving bar presented together) ( Fig.11C ). To obtain significance levels and 340 confidence intervals on these test statistics, we repeated 2000 times the entire procedure that generated a test 341 statistic, each time with a different random set of multiunits obtained by resampling with replacement. Since the 342 electrodes were implanted chronically, individual recordings from different days may not represent independent 343 samples. To ensure that we use only independent samples for bootstrapping, we sampled electrode identities 344 and included all units obtained from sampled electrodes. This procedure estimates the unit-to-unit variability to those used in the luminance modulation experiment with monkey L, although here a longer motion trajectory 364 of 18° was used. Using a keyboard, the subjects reported if the leading edge of the moving bar was on the right 365 or left side of the flash at the moment the flash appeared. The subjects completed a total of seven sessions (MS: 366 5, SP: 2). In most sessions, we presented a total of 28 stimulus conditions (7 offsets × 4 luminance values × 1 367 motion direction × 1 speed). Each condition was repeated 20 times giving about 560 trials per session. Each 368 session lasted for an average 23 min. 369 Estimation of perceived spatial offset: To quantify the perceived spatial offset, we first converted the subjects' 370 responses into a probability of reporting that the moving bar was ahead of the flash. Then we fitted a logistic 371 function to these probabilities as a function of spatial offsets, using psignifit3.0 toolbox (Frund et al. 2011; 372 Wichmann and Hill 2001a; b). In the toolbox, we chose the constrained maximum likelihood method for 373 parameter estimation and parametric bootstrapping for estimation of confidence intervals for parameters. We 374 constrained the upper and lower asymptotes of the psychometric function to be equal with the prior distribution 375 being a uniform distribution on the interval [0 0.1]. We defined the perceived spatial offset as the point of 376 subjective equality, that is the veridical spatial offset at which subjects reported that the moving bar was ahead 377 or behind the flashed bar with equal probability. To examine how the perceived spatial offset changed with 378 luminance, we pooled the responses across sessions for each bar luminance before fitting the psychometric 379 function. To perform statistical tests however, we fitted psychometric function for each session separately and 380 computed perceived spatial offset. 381 Statistical analysis of psychophysical data. For all statistical test on psychophysical data, linear mixed models 382 were constructed in the statistical software PASW-18, with the following common settings: subjects were 383 treated as random effects and perceived spatial offset as dependent variable. Specifically, the slope of the trend 384 of the perceived spatial offset as a function of bar luminance ( Fig. 9E) was tested for significance using the bar 385 luminance as a covariate with the session start times set to indicate repeated measures. To test the effect of 386 motion condition (foveopetal versus foveofugal) and speed on the perceived lag ( Fig. 10B & D) , speed was 387 used as a covariate and motion condition as a factor, with the combination of motion condition and session start 388 times set to indicate repeated measures. 389 Probabilistic population decoding. The decoding method used here was chosen for its simplicity and its suitability for 390 our experimental conditions abstracting away from neuronal implementation level details. Our goal was to decode the 391 stimulus position presented to the animal from the single-or multiunit population activity based on the 392 framework of probabilistic population coding (Dayan and Abbott 2005; Ma et al. 2006; Zhang et al. 1998 ). We 393 took advantage of the fact that the motion stimulus we used was essentially a sequence of flashes. Hence, to 394 decode the moving bar location, we first model the spatial encoding by measuring the population activity for 395 the different flashed locations of the bar. Then, when the moving bar was presented, we decoded its 396 instantaneous position by identifying the bar stimulus that was most likely, given the population activity at 397 that instant. Note that in our experiments, only part of the motion trajectory overlaps with the space covered by the 398 flashes. Since the spatial encoding is based on flash responses, we restricted the motion decoding to the region of the 399 trajectory overlapping the flash locations. The decoding method is formalized as follows. (Fig. 3B) . The post-stimulus period can be split into a sequence of contiguous 415 time bins (of width ∆t). We assume that, conditioned on the stimulus, the spiking responses are independent 416 across both time and neurons. That is, activity (R) in any given time bin depends only on the stimulus location 417 (S) and the elapsed time since stimulus onset (). Under this assumption, the neurons spike according to 418 independent inhomogeneous Poisson distribution, with a time-and neuron-dependent mean spike count 419 parameter λ (Fig. 3C) . This produces the following probability distribution for neural activity (R) in a 420 single time bin of width ∆t:
where 422 S -Stimulus (bar) at one of M possible locations (for example, see gray rectangles in Fig. 3A) . Note that, for the flash-evoked neural activity in any given time bin, the experimenter knows which flash 431 stimulus caused the activity and how much time has elapsed since the stimulus onset ( Fig. 3B) . However, these 432 two parameters are unknown from the brain's perspective. In the case of the moving stimulus for which a 433 priori we do not know the response latency, even the experimenter cannot know which stimulus location 434 causes neural activity in a given time bin (Fig. 3D) . This is due to the moving bar changing its location in every 435 time bin leading to essentially multiple stimulus locations driving the neural activity in different time bins. As 436 the experimenter cannot know which stimulus location caused the activity, he/she also cannot know how much 437 time has elapsed since the onset of the stimulus (at a given location) driving the activity. For these reasons, in 438 our decoding of flashed and moving stimuli, we treat the stimulus location and time elapsed since stimulus 439 onset/arrival at a given location as random variables that follow a uniform distribution with flat priors. Note 440 that the response at a single time bin for a moving stimulus is likely driven by multiple stimulus (bar) locations 441 (spatiotemporal integration). However, to decode this activity, we are using an encoding model where 442 population activity at each time arises from single stimulus (flash) locations. Hence in our decoding procedure, 443 we are only approximating the spatiotemporal integration involved in generating population activity during 444 motion. This leads to a graphical model ( Fig. 3E) which, in combination with Eq.1, can be used to decode the 445 stimulus position from the neural activity. Decoding this way in small time bins (~10ms) implies that a rate 446 code is used by the brain for computing stimulus position. To compute the probability of a stimulus given the 447 population activity in a single time bin, we first derive a joint distribution based on the model in Fig. 3E .
We assumed S and  follow a uniform distribution (range of S: horizontal extent of flashed region, range of : 450 10 to ~175ms) and hence p(S) and p() are constants (flat priors). We can then marginalize the above joint 451 distribution over the elapsed time  to compute the probability of a stimulus location given the population 452 activity R in any arbitrary time bin: 
Results
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We assessed if there are differences in the representation delays (latencies) of moving and flashed stimuli and 535 whether this could account for the perceived spatial misalignment (offset) in the flash lag illusion. To this end, 536 we recorded neural activity from V1 while the monkeys were shown either a flashed or a moving bar in a 537 passive fixation task (Fig. 4A, see Methods) . We performed two experiments: In the first, we varied the 538 direction of motion and speed of the moving bar (7, 14 or 28 °/s), while keeping the moving and flash stimuli at 
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For experiment 1, we recorded from 523 multiunits in three animals using chronically implanted tetrode arrays. 545 For experiment 2, we collected responses of 256 multiunits in one animal, using a 96-channel Utah array. After 546 an initial receptive field mapping session, the main task began. We presented bright bars on a gray (experiment 547 1) or dark (experiment 2) background. In each trial either a flash or a moving bar was shown. Since we recorded 548 from many neurons simultaneously, the flash locations were not optimized for any particular neuron. Instead, in 549 each recording session, flashes were shown at five to seven fixed locations covering the receptive fields of all 550 the recorded neurons (Fig. 4B) . The moving bar swept across the receptive fields horizontally at a constant 551 speed from left to right or from right to left with equal probability (Fig. 4C) . For experiments 1 and 2, the 552 receptive fields of units were in the right and left hemifield respectively (Fig. 4D) . To test the predictions of 573 We asked if the latency difference between the responses to flashed and moving bars depends on the speed of 574 the moving bars. To this end, we recorded neural activity when a flash or a moving bar was presented and 575 estimated response peak latencies using the receptive field (RF) center as a reference location (Fig. 5A) . We 576 then asked how long does the neuron take to reach its peak firing rate for a bar that is flashed at this location 577 and for the same bar at the same location when it is part of a motion trajectory (Fig. 5A) . For both stimuli, the 578 time of response peak with respective to the time at which the bar appears (flash, Fig. 5B ) or arrives (motion, 579 Fig. 5C ) at the same reference location, was taken as their respective representation delays (Fig. 5D) . The 580 assumptions behind using response peaks for computing representation delays are described in the Methods 581 section. Note that when the speed increases, the time required for the bar to arrive at the reference location 582 decreases (Fig. 5D) . However, this difference in bar arrival times does not add to motion latencies as we 583 measured latency after all stimuli arrive at a common reference location. The center of the receptive field is 584 operationally defined as the region that elicits maximal response. Assuming an RF-based labeled-line code 585 common for flashed and moving stimuli, if both stimuli are processed with the same delay, then, when either 586 the moving or the flashed bar is at the RF center, they should both elicit their respective maximal response with 587 the same delay. In other words, when the moving bar arrives at the RF center one would expect a peak response 588 to occur with the same delay, because at that instant, the moving bar is indistinguishable from a flash. In 589 contrast, we find that the response peak for all three moving stimulus conditions occurs earlier compared to that 590 of flash (Fig. 5D ). In addition, as the speed increases, the response peak latency also increases and approaches 591 that of the flash. These observations suggest that a moving stimulus is processed differently from a flashed one 592 and is represented earlier in time in a speed dependent manner compared to a flash in the same location. 593 To estimate latency at the population level, we chose to first average the responses across the multiunits and 594 then compute response peak latency from this average rather than vice versa. This was done because some 595 multiunit responses had multiple response peaks, making it unclear as to which peak should be considered for 596 latency estimation, and in experiment 2, the individual unit responses were too weak (Fig. 8) at the lowest 597 luminance values to reliably find the response peak. Averaging the responses over the multiunits first, enabled 598 us to robustly estimate latency and to apply a single procedure uniformly across all stimulus conditions. 599 Across our sample of multiunits from each monkey (Fig. 6) , the peak response latencies for the motion 600 condition at all three speeds were shorter compared to those for flashes ( Fig. 7A & B ; for each monkey, p < 601 0.0005, Bonferroni corrected, bootstrap test; see Methods). As the speed increased, the latency of the motion 602 response approached that of the flash (Fig. 7B) . Therefore, the latency difference between flash and motion 603 decreased as the speed increased ( Fig. 7C; 
Dependence of latency difference on bar speed
645 Although the latency difference decreased with speed, the perceived spatial offset equivalent increased with 646 speed ( Fig. 7D ; p < 0.0005, bootstrap test). This counterintuitive effect can be explained by noting that the 647 latency difference is not a constant but varies with speed ( Fig. 7B) . Hence,
Differentiating both sides with respect to speed,
From . 9, for the perceived spatial offset to increase with speed, i. e, for ( ) > 0,
649
Hence, as long as Eq.10 is satisfied, the perceived spatial offset will increase with speed even if motion latency 650 increases ( ( ) > 0, our data) or decreases ( ( ) < 0) with speed.
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The simplest case arises when motion latency does not change with speed ( ( ) = 0), that is, To compare physiological and psychophysical data, we again converted the latency differences into perceived 698 spatial offset equivalent by multiplying the latency differences with speed (Eq.8). The perceived spatial offset 699 equivalent decreased with luminance ( Fig. 9C, p < 0.0005, bootstrap test) . Although we currently do not have 700 psychophysical data on the luminance dependence of the flash-lag effect in monkeys, we have previously 701 shown that monkeys perceive the illusion similar to humans (Subramaniyan et al. 2013). We therefore measured 702 perceived spatial offsets from two human subjects using the same luminance and stimulus parameters used for 703 the monkey physiology. Indeed, the perceived spatial offset decreased with luminance in both observers (Fig. 704 9D and Fig. 9E ; F (1, 24) = 14.6; p = 0.001; linear mixed model), in good agreement with the physiological 705 results. 706 In the above analysis, we computed latency difference data between flash and moving bar with identical 707 luminance and showed that they correlate well with human psychophysical data. Given that we presented each 708 luminance condition in isolation, it is possible to compute the latency difference between a flash and a moving 709 bar having different luminance values. In human psychophysics, when the flash luminance is fixed at a very low 710 detectability level, the perceived spatial offset increases with the moving bar luminance (Öğmen et al. 2004; 711 Purushothaman et al. 1998). To see if this is also evident in our neural data, we used the latency of the flash 712 condition with the lowest luminance to compute latency difference at all moving bar luminance conditions. 713 Interestingly, qualitatively similar to the human psychophysical results, we found that the perceived spatial 714 offset equivalent increased (p < 0.0005, bootstrap test) with the moving bar luminance (Fig. 9F) . An even more 715 interesting psychophysical result is obtained when the moving bar luminance is fixed at a very low detectability 754 In addition to speed and luminance, the direction of motion has also been shown to affect the perceived spatial 755 offset. Humans report a larger spatial offset for motion towards fovea (foveopetal, Fig. 10A ) than motion away 756 from fovea (foveofugal) (Kanai et al. 2004; Mateeff et al. 1991; Shi and Nijhawan 2008) . We reproduced this 757 finding in our stimulus paradigm where humans reported a higher spatial offset for foveopetal motion direction 758 in a speed dependent manner (Fig. 10B, significant speed effect: F (1, 93. 2) = 14.8, p < 0.001; nonsignificant 759 motion condition effect: F (1, 75.8) = 2.56, p = 0.11; significant speed x motion condition interaction: F (1, 760 79.2) = 10.4, p < 0.01). Surprisingly, in the monkeys this motion effect was reversed under the same stimulus 761 conditions ( Fig. 10C & D, significant main effects and interaction: speed: F (1, 64) = 27.3, p < 0.001; motion 762 condition: F (1, 67.6) = 12, p = 0.001; speed x motion condition: F (1, 64.8) = 6.6, p = 0.013). Correlating with 763 this, the neural response latencies were lower (Fig. 10E) and the perceived spatial offset equivalent were higher 764 ( Fig. 10F & G) , for the foveofugal condition in two of the three monkeys (latency and perceived spatial offset 765 equivalent: p < 0.0005 for CH and CL and p > 0.05 for A; Bonferroni corrected for multiple speeds, bootstrap 766 test). Note that in the neural data from all three monkeys (CH, CL & A), the receptive fields were in the right 767 hemifield. Consequently, foveopetal condition is inseparable from motion from right to left visual hemifield and 768 the neural effect we observed may reflect the later rather than the former condition. However, this is less likely 769 for the following reason. In monkey L where we varied stimulus luminance, the receptive fields were in the 770 hemifield opposite to that of the above other three monkeys (Fig. 4D) . This led to the foveopetal condition 771 being coupled with motion from left to right hemifield. Despite this, we observed the same effect found in the 772 other data set (CH, CL and A), i.e., the latencies were lower (Fig. 10H) the perceived spatial offset equivalents 773 were higher (Fig. 10I, p < 0.0005, Bonferroni corrected, bootstrap test) for foveofugal condition under all 774 luminance values tested, suggesting that in monkeys, motion away from fovea produces a larger flash lag effect. 775 The internal consistency between psychophysical and neural data within the monkey species strongly suggests 776 that latency difference can explain a species-specific aspect of the flash lag illusion.
Dependence of latency difference on motion direction
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Simultaneous presentation of flashed and moving stimuli 778 In summary, our physiological data from speed and luminance manipulation are in good agreement with 779 psychophysical results and the predictions of the differential latency model of the flash lag effect. One potential 780 caveat is that in our physiology experiments we presented the flashes and moving bars in isolation. However, to 781 generate the flash lag illusion, the flashed and the moving bar are presented simultaneously with perfect 782 alignment. It is thus conceivable that if we had presented the flash and the moving bar together, the results 783 might have been different. To rule out this possibility, we conducted a control experiment in which we 784 presented the flash and moving bar together at different spatial offsets, including a zero-offset condition where 785 the flashed and the moving bar were in alignment. This allowed us to determine whether there is a change in 786 latency as a function of spatial offset for simultaneously displayed stimuli. 787 We presented the flashes and moving bars simultaneously ('combined' condition) in two different 788 arrangements. In the first, we presented flashes at the receptive fields and the moving bar (speed: 14 °/s) outside 789 the receptive fields (Fig.11A, left panel) and vice versa in the second (Fig.11A, right panel) , at 5-7 different 790 spatial offsets in a gray background. For analysis, we chose the central three offset conditions that had sufficient 791 number of multiunits (see Methods). We then computed the flash response peak latencies from the first 792 arrangement and the motion response peak latencies from the second. The latency difference was not 793 significantly different among the three spatial offsets (p > 0.76, bootstrap test). In the same recording sessions, 794 we also presented flashes and moving bars in isolation inside the receptive fields. To test whether in the 795 combined condition, a second stimulus affected response latencies, we pooled the latency difference data across 796 monkeys and spatial offsets in the combined condition and compared it to those obtained where stimuli were 797 presented in isolation ('single' condition; 's' in Fig.11B & C) . We found no significant difference between the 798 combined and the single condition (p > 0.99, bootstrap test). These results suggest that in awake fixating 799 macaques, the latencies of the flash or moving bar representation in V1 are not influenced by the presence of a 800 second bar stimulus outside the classical receptive field. The conclusions reached so far were based on latencies estimated by aligning individual neuronal responses to 815 stimulus location in their receptive field centers. However, it is possible that neuronal representation delays 816 based on population coding may lead to different conclusions. Hence we proceeded to check if we could 817 reproduce the main results of the study presented in Fig. 7 and Fig. 9 using probabilistic population decoding 818 that does not use any response alignment to receptive field centers to compute representation delays. Rather, the 819 moving bar position is decoded based on the population response. Note that this approach was restricted to the 820 results presented in Fig. 7 & Fig. 9 and not used for results in Fig. 10 & Fig.11 because there was an 821 insufficient number of neurons for reliable decoding. We also pooled the two motion directions to obtain a 822 robust estimate of motion latency especially at high speeds where the moving bar traverses the decoded space 823 very quickly giving much fewer trajectory positions to obtain a reliable latency estimate. Similarly, to improve 824 the position decoding under the lower luminance conditions where the neural activity is diminished, we 825 averaged the motion latencies across the two motion directions. 826 A probabilistic Bayesian decoder (see Methods) was used to estimate the representation delays of the stimuli 827 based on simultaneously recorded single-or multiunit population activity. We assumed that the neurons spike as 828 inhomogeneous Poisson processes that are conditionally independent given the stimulus, and used a decoder 829 trained on flashes to decode moving stimuli. It is well-established that population activity in V1 at a given time 830 is influenced by the location of the bar stimulus and signal conduction and processing delays. This notion is 831 captured in the forward probabilistic model of population activity in Fig. 3 . Based on this formalism, a joint 832 distribution of stimulus location, population activity and response delay was obtained (Eq.2) from which a 833 posterior probability estimate (Eq.5) of a stimulus position can be obtained from the population activity at any 834 given time. Based on the encoding that was learnt from the flash-evoked responses, we decoded the position of 835 the moving bar under different speeds and luminance values. For decoding flashes, we used trials that were not 836 used for encoding to prevent over-fitting. For the luminance modulation experiment, the decoding of bar stimuli 837 of a given luminance was based on encoding obtained from responses to flashes of matching luminance. 838 The probability of the stimulus position given population activity at different times was computed trial by trial 839 using simultaneously recorded single-units ( Fig. 13-A) or multiunits ( Fig. 12-A & Fig. 14-A) . The resulting 840 position estimates were first averaged across trials and then across sessions (Fig. 12-Fig. 14, B & D) . The latency 841 of the peak of the posterior probability ( Fig. 12-Fig. 14, C) was taken as the representation delay of the flashes. 842 For the moving bars, first we computed the distance (spatial lag) between the most probable stimulus location 843 and the instantaneous location of the moving bar. Towards this, the trial and session-averaged posterior 844 probabilities (rows in Fig. 12-Fig. 14 D) were aligned (centered) to the instantaneous horizontal positions of the 845 moving bar center (white dots in Fig. 12-Fig. 14 D) . For each speed and direction, the aligned probabilities were 846 averaged across the instantaneous positions of the motion trajectory ( Fig. 12-Fig. 14, E) . The distance between 847 the peak of this aligned probability and the origin gives the spatial lag of the most probable stimulus location. 848 Note that we did not intend to decode the motion speed hence we treated it as a known quantity. The latency of 849 the moving bar representation was then computed by dividing the spatial lag by speed. 850 As reported in Fig. 7B-D , in all three monkeys, based on multiunit population decoding, as speed increased, the 851 motion latency increased (Fig. 12F, p < 0 .0005, Bootstrap test), latency difference decreased (Fig. 12G , p < 852 0.0005, Bootstrap test), and the perceived spatial offset equivalent increased ( Fig. 12-H test). From one of the monkeys (CL), we were able to isolate a sufficiently large number of single units, so we 854 were able to verify that the results held true for single well-isolated neurons (Fig. 13 F-H) as well. 855 For the luminance modulation experiment, we decoded stimulus position for flashes ( Fig. 14B-C) and moving 856 bars ( Fig. 14D & E) as described above. Again, as found before in Fig. 9 , the multiunit population decoding 857 showed that for all luminance values tested, the latency of moving bar was less than that of flashes ( Fig. 14 F, conduction/processing of motion signals. Our data cannot distinguish between these two possibilities since both 946 will give rise to a shift in motion response relative to flash response. Motion-induced receptive field shifts have 947 not been reported in the pre-cortical stages in macaques. If found, it would suggest that the labeled line code is 948 not static but more dynamic and will depend on properties of the stimuli. However, there is some evidence for 949 shorter latency of motion signals in the pre-cortical stage -the lateral geniculate nucleus (LGN). In anesthetized 950 cats, it was found that in the different types of LGN cells, the response peak latency for moving bar was shorter 951 compared to that of flashed bar (Orban et al. 1985) . Future studies are needed to confirm these findings in 952 monkeys in order to locate the mechanisms underlying the flash lag effect. Cortical processing such as gain 953 control similar to that described in the retina (Berry et al. 1999 ) and motion-related feedback signals may 954 contribute to dynamic shift in the receptive field location towards the motion direction. For example a recent 955 study (Ni et al. 2014) found that V1 receptive fields in fixating macaques shifted by about 10 % (0.1) on 956 average in the direction that accounted for the size-distance illusion. Such receptive field shifts if induced by 957 motion can readily explain part of the faster motion processing. Another study that addressed a different illusion 958 called flash-jump illusion also found that V4 neuronal receptive fields shift when the color of one of the bars of 959 an apparent motion sequence changes abruptly (Sundberg et al. 2006) . Given that a color change was necessary 960 for such a shift, the implications of their study to the neural mechanisms of flash lag illusion remains unclear. 961 Faster cortical motion processing could also be achieved by the spreading of subthreshold activity through 962 lateral connections from the currently activated cortical region into the region activated in the future. This 963 spread may facilitate responses by bringing the membrane potential of the target neurons closer to threshold. As 964 a result, those neurons will reach their peak firing earlier, resulting in shorter motion latency. The influence of 965 such subthreshold activity has already been reported in cat V1 in the context of line-motion illusion where the 966 spread of subthreshold activity initiated by one stimulus facilitates the response to a subsequently presented 967 stimulus (Jancke et al. 2004a ). Based on this mechanism, it could also be expected that the slower motion would exhibit shorter latency through this mechanism compared to the faster one as there would be more time for the 969 subthreshold activity to spread farther for the slower compared to the faster motion, potentially explaining the 970 speed dependence of motion latency we observed. 971 We found that the moving bar response peak latency increased with speed. Consistent with our results, 972 conversion of the direction-averaged spatial lag data reported by Jancke et al. (2004) (Fig. 6 in their study) into 973 latency also revealed a similar trend in the speed dependency of motion peak latency. Our data show that 974 latency difference between flash and motion condition decreased with speed. This is in sharp contrast to the 975 constant latency difference that most psychophysical studies assume when interpreting the effect of speed in 976 perceived spatial offset (Krekelberg and Lappe 1999; Murakami 2001; Nijhawan 1994; Whitney et al. 2000) . 977 Equivalent latency difference computed from the perceived spatial offsets from a recent psychophysical study 978 (Wojtach et al. 2008 ) however clearly decreases with speed ( Fig. 15) 987 We found that the perceived spatial offset equivalent depended on speed and luminance (Fig. 7D, Fig. 9C, Fig.   988 Fig. 13, H and Fig. 14G ) in line with psychophysical results (Fig. 7E and Fig. 9E) . The magnitude of the 989 perceived offset computed from the population decoding method appeared to be closer to the behaviorally 990 measured values than the values computed based on individual multi-unit activity. Interpreting our data 991 conservatively, we think that the perceived spatial offset equivalents we measured in V1 are likely to be smaller 992 than the behaviorally measured values for the following reasons. 1) We measured neural responses from the 993 very first cortical processing stage and the physiological effect may get larger as the information is processed 994 further in the higher cortical areas, 2) the smaller receptive field sizes in V1 may potentially limit the extent to 995 which receptive field shifts can occur in order to reduce motion stimulus representation delays and 3) the 996 monkeys we recorded from did not perform the task and making a relative position judgment may lead to a 997 larger physiological effect. Moreover, we may have also underestimated the discrepancy between the 998 behaviorally measured perceived spatial offset and its neural equivalent because we presented flashes randomly 999 in multiple locations (5-7) for physiology whereas for psychophysics the flash was presented at one ( Fig. 9E ) or 1000 two (Fig. 7E, Fig. 10B-D) fixed locations. Given that predictability of flashes is known to reduce the flash lag the increase in latency of moving bar was much less pronounced compared to that of the flash when the 1020 luminance was low. With the caveat that the we examined the luminance effect only in a single monkey, these 1021 results suggest that moving bars do not suffer as much processing delay as the flashed objects under low 1022 luminance conditions and likely invoke different set of mechanisms in bringing out the observed latency effect. 1023 Although several aspects of the flash lag illusion were similar between the monkeys and humans, it was 1024 surprising to find that monkeys reported a larger lag for foveofugal motion as opposed to foveopetal motion as 1025 found in humans (Kanai et al. 2004; Mateeff et al. 1991; Shi and Nijhawan 2008) and this behavioral effect had
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